Introduction
The restoration of endodontically treated teeth represents a great challenge especially where there has been a significant loss of tooth structure [1] [2] [3] . Adhesive techniques are considered essential in such treatment [4] [5] [6] and the endodontic procedures required are often accompanied by a decrease in tooth rigidity [7, 8] . Even though in many cases adhesives may be employed without a post, in larger posterior teeth the use of posts should be considered [9] [10] [11] [12] . For anterior endodontically treated teeth with a veneer, fracture resistance should be improved by employing a cemented fiber post [13] .
Post/core endodontic treatment utilizes a range of industrially constructed posts with varied materials, sizes and shapes for clinical use by endodontists. Collectively these variables may be designated post designs. There has been a significant trend away from traditional cast metal or ceramic posts towards the use of glass fiber composite posts that exhibit a closer match between the post stiffness, or elastic modulus, and the elastic modulus of the residual tooth structure.
Despite major differences, there are some parallels between the design criteria and challenges of endodontic post therapy and those involved with: (a) dental implant designs and (b) femoral prosthesis designs in total hip replacement surgery or arthroplasty. In all such cases, biomechanical stresses generated in functional service will affect the retention and stability depending upon, inter alia, the relative biomaterial/host tissue elastic moduli and the residual thicknesses of the hard tissue host.
As in many other areas of bioengineering, Finite Element (FE) analysis has proved beneficial in creating computational model scenarios that facilitate exploration of the effects of different design variables, whether in endodontics, implantology or arthroplasty. FE analyses demonstrated a nonphysiological strain and stress distribution due to the presence of an endodontic post [14] [15] [16] [17] .
Moreover, many analyses showed different mechanical behavior for endodontically treated anterior teeth compared to sound teeth [18] .
FE analysis has been already used to assess the influence of the shape, length, diameter and stiffness of the post as well as of the "ferrule effect" [4, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . In particular, a study on the mechanical behavior of endodontically treated canine teeth provided interesting results in terms of stress distribution, evidencing the synergistic contribution of the ferrule effect and the specific materialshape combination of the post [29] .
3 Different dental post-core systems have been proposed [30] . Metal posts were initially utilized.
However, the great mismatch between the elastic modulus of metal posts and surrounding structures generally leads to stress concentration and root fracture [30] . Consequently, posts with different shape, size and materials were developed [30] . A more favourable stress distribution may be obtained using glass fiber-reinforced posts, which have an elastic modulus (45.7-53.8 GPa) [30, 31] lower than those of metal posts (110 GPa for titanium and 95 GPa for gold) [30, 32] and higher than that of dentin (18.6 GPa) [30, 33] . It is well known that stress concentration generally occurs at the apical and cervical regions of the tooth and that flexible posts cause stress concentrations in dentin, whereas rigid posts concentrate stresses at the interfaces. To optimize stress distribution, a post should possess a functionally graded stiffness decreasing from the coronal part to the apical end [30, 34] . This might be achieved with an inhomogenous post design [34] .
In arthroplasty, recent studies [35, 36] have investigated certain hybrid composite materials incorporating a fiber-reinforced matrix of polyether imide (PEI). These PEI hybrid composites have been fabricated with different shapes and functionally graded stiffness along the axial length.
Although fabrication of the comparatively large femoral prostheses in a hybrid design is relatively straightforward, emerging micro-fabrication techniques should make it possible to construct endodontic posts with analogous hybrid PEI composite designs. This possibility is the motivation for the present study, where we consider a number of conceptual post designs. These are based upon the concept of a PEI matrix reinforced with either carbon (C) or glass (G) fibers, including an inhomogenous post-design with functionally graded stiffness decreasing in the coronal to apical direction.
The aim was to assess the stress distribution along the post and at the interface between the post and the surrounding structure in endodontically treated canine teeth when using three different C-G/PEI posts. 
Materials and Methods

Post material and design
Three conceptual designs of hybrid composite posts consisting of a polyetherimide (PEI) matrix reinforced with carbon (C) and glass (G) fibers were considered:
Post A (C-G/PEI with a Young's modulus of 57. The approach towards the conceptual post design was carried out according to the experimental results obtained in a previous study on the development of composite stem for hip prosthesis with tailored properties along the head-tip direction [35, 36] . This device was constructed using hand layup techniques, compression molding and water jet technology [35, 36] .
Post A and post B corresponded to Zone I and Zone II of the previous developed device [35, 36] , whereas post C was a C-G/PEI post with a Young's Modulus decreasing from 57.7 to 9.05 GPa in the coronal-apical direction. FE analysis, ply drop-off and stacking sequence were considered to obtain devices with the required properties [35, 36] .
Generation of a tooth solid model
A micro-CT scanner system (Bruker microCT, Kontich, Belgium) was used to digitize an intact canine, taking into account previously adopted methodologies from the scanning through the tessellated model [4, 29, 37] . A total of 951 slices were collected at a resolution of 1024x1024 pixels [4] . Anyway, only 252 slices were considered as already specified [4] .
Briefly, image data sets were processed via ScanIP ® (3.2, Simpleware Ltd., Exeter, UK). Image segmentation and filtering procedures were used [4, 29, 37] , and the 3D tessellated model of the tooth was created [4, 29] . As reported [4, 29] , blending operations were performed through cross sections to convert tessellated models into surfaces. These operations were carried out using SolidWorks ® 2017 (Dassault Systemes, Paris, France) CAD system, where the ScanTo3D ® add-in allowed to manage the tessellated geometry [4] . Lofting surfaces were created and the congruence of interfacial boundaries of tooth tissues was ensured [4, 29] . Tooth geometry, crown preparation, tooth reduction, as well as the system of coordinates, where the geometrical model was located, were reported previously [29] .
Three different geometric models of the restored tooth were created starting from the sound tooth model [29] . Three C-G/PEI posts were designed: posts A, B and C (15 mm in length) with a conical-tapered shape.
A cement layer (0.1 mm in thickness) was added between the prepared crown and the abutment.
The cement was added between the post and the root in the canal. Furthermore, the periodontal ligament (0.25 mm in thickness) was modeled around the root for all models.
Numerical simulation
Using the IGES format, the geometric models of endodontically treated anterior teeth were imported into HyperMesh ® (HyperWorks ® -14.0, Altair Engineering Inc., Troy, Michigan, USA), FE pre-processor which allows to manage the generation of the largest, most complex models, starting with the import of CAD geometry to exporting ready-to-run solver file.
Three models were built-up and analyzed using FE analysis: Taking into account previous methodology [29] , the 3D mesh was created and each tooth model was divided into 3D solid CTETRA elements with four grid points, a suitable mesh size and refinement techniques were adopted. The technical features of the analyzed models are summarized in Table 2 .
The closing phase of the chewing cycle was analyzed. Solid food (apple pulp [29] ), with Young's modulus and Poisson's ratio of 3.41 MPa and 0.10, respectively, was modelled onto the palatal crown surface (Fig. 1) . Slide-type contact elements were used between the tooth surface and the food. In addition, "freeze" type was selected as contact condition between each part of the post restoration (i.e., cement, periodontal ligament, post, dentin, enamel). In the FE models of the post-restored tooth, in all directions, constraints were applied for nodal displacements on the external surfaces of the periodontal ligament. A load of 50 N was applied at 45° to the longitudinal axis of the tooth, acting on the palatal surface of the crown [29] . Linear static analyses were performed with a non-failure condition since linear elastic behavior was assumed for all components. In the different models, the maximum principal stress distribution was evaluated along the post and at the interface between the post and the surrounding structure.
Results
The maximum principal stress distributions were reported in the abutment, post, post cement, root and periodontal ligament (Fig. 2) . Cross sections were considered along the buccolingual direction for all the restored tooth models. Unlike models A and B, no significant stress concentration was found for model C. So among the analyzed models, the most uniform stress distribution was obtained for the post C.
For all the investigated models, the stress distribution along the post was reported in Fig. 3 . Even though no great differences were found for all the models in the coronal region of the post, a maximum principal stress concentration was clearly observed along the post in models A and B. In contrast, consistently lower values of the stress were obtained for model C.
The stress distribution was also evaluated at the interface between the post and the surrounding structures (Fig. 4) . For all three models, stress at the coronal area was initially low and then it increased towards the cervical margin of the tooth. As expected, high stress gradients were evident for models A and B. Successive changes and fluctuations up to the apical end were also much more marked for models A and B. By contrast, model C showed gradual changes and stresses that were less than with models A and B (Fig. 4) .
The differences were also analyzed via a cross section at the tooth cervical margin (Fig. 5) . Fig. 5 -Schematic representation of the analyzed cross section at the cervical margin of the tooth (upper left) and maximum principal stress distribution.
The maximum principal stress distribution in the tooth cervical margin section, along the direction indicated by the black line in Fig. 5 (upper left), was reported in Fig. 6 . Fig. 6 -Maximum principal stress distribution at the interface between the post and the surrounding structure. A section was analyzed at the cervical margin of the tooth and the stress distribution was evaluated along the direction indicated by the black line in Fig. 5, (upper left) .
From 0 to 6.5 mm along the considered direction (black line in Fig. 5) , stresses decreased for model C, whereas high stress gradients were evident for models A and B at the interface between the post and the surrounding structure ( Fig. 5 and Fig. 6 ). Specifically, at 2.5 mm along the considered direction, a stress of 0.9 MPa was found for model C, whereas 3.6 MPa and 2.3 MPa were found for models A and B, respectively.
Discussion
The important role of CAD-FE modeling and experimental methodologies to analyze the mechanical behavior, stress and strain distributions, has been recognized in different fields [29, [37] [38] [39] [40] [41] [42] . The biomechanical behavior of a restored tooth is altered if a dental post with high modulus construction material is employed and vertical root fractures generally occur [3, 34] . Currently, post-core systems consisting of prefabricated fiberglass post and resin core are used to prevent catastrophic root fracture [30] .
Scientific works on the performance of post-and core-systems are constantly increasing [43] .
Since the beginning of the 90s a great amount of research has been devoted to the development of composite posts with several shapes using different kinds of fibers (from carbon to glass to quartz). Consequently, clinical procedures for restoring endodontically treated teeth have been properly modified [44, 45] . However, even if many laboratory and clinical studies were performed in this field, there are still no precise recommendations [45] . Anyway, the selection of the fiber post and the proper preparation of the root canal are the first steps. The fiber post must be adequately bonded with an adhesive resin cement as well as with recently developed self-adhesive cements, which offer the advantage of ease of use [45] . The post must be long enough and must extend properly to retain the core. Finally, the procedure includes the placement of a crown [45] .
The quality of composite posts is clearly determined by the manufacturing process and widely varies according to the distribution and packing of the fibers, fiber and matrix properties, fibermatrix combination [46] . The choice of a post arises from different principles such as the preservation of tooth structure, resistance and retention, retrievability and failure mode [47] .
Concerning retention form, post geometry is important (i.e., taper, length and diameter) as well as surface texture, luting agent and passivity [47] .
The selection of a post is determined by functional demands and remaining tooth structure.
Carbon or glass fiber posts are generally required in the case of minimal radicular tooth structure [47] . A retrospective study performed on patients with teeth restored using carbon fiber-reinforced epoxy resin posts showed interesting clinical results and no root fractures were observed. [47, 48] .
Carbon-based and glass fiber posts were also employed for the restoration of pulpless teeth [47, 49] . Moreover, over a 30-month period the acceptability of quartz fiber-reinforced epoxy posts was evaluated in patients with endodontically treated teeth and a failure percentage of 1.7% was found [47, 50] . Anyway, fiber post failures were more associated to the detachment or displacement of post and crown or device decementation than root fractures, which is a common failure related to the use of metal posts [47] .
Posts fabricated from quartz fiber-or glass fiber-reinforced composites have an elastic modulus which is lower than those of carbon fiber-reinforced posts [30, 46] . Furthermore, the favorable optical properties (i.e., translucency) of quartz-and glass-fiber posts provide their ability to conduct light and allow to achieve the desired aesthetic results, as well as high quality restorations.
Even though it has been frequently reported that posts could enhance the fracture resistance in endodontically treated teeth, the preparation of the post space represents a crucial point as it may lead to potential root fracture [47, 51] . In this context, many studies were carried out to compare the fracture resistance of endodontically treated teeth [47] . In particular, a clinical evaluation of the use of fiber posts and direct resin restorations was also performed [47, 52] . At 6, 12, 24 and 30-month recall, the longevity of the fiber post/direct resin restoration was assessed. It was demonstrated that fiber posts associated to direct resin restorations may be considered a faster therapeutic option, which is able to conserve the remaining tooth structure in the short term, achieving a good patient compliance [47, 52] .
However, it has been demonstrated that failure of teeth with fiber posts are less catastrophic if compared to metal posts, and failures are generally related to technical errors made during the cementation procedure. A thicker layer of cement is generally required for prefabricated fiber posts in comparison to metal ones [47, 53] .
Taking into the above reported concepts and considerations, an ideal dental post should not weaken the root while stabilizing the core [3, 54] During loading, stress transfer to dentin occurs through the core and post system. Stress concentration normally occurs at the cervical and apical regions of the tooth. In compromised tooth structure, if an increase in flexure causes stress concentration at the cervical region, the post characteristics and tapering of the root canal may generate high stress concentrations in the apical region [3, 55, 56] , caused by stiffness mismatch between post and surrounding structures, [3, 57] . For this reason, an ideal post should have a stiffness decreasing from coronal to apical [3] .
Previous FE research considered the effect of inhomogeneous dental posts on stress distributions in tooth root and interfaces via an equation expressing the elastic modulus and Poisson's ratio as a function of the distance to the neutral axis of the post [34] .
In the present work, conceptual posts designs were evaluated using the characteristic mechanical properties of polyetherimide (PEI) with carbon (C) and glass (G) fibers. Such C-G/PEI composites were already produced for applications in orthopedics via hand lay-up techniques, compression molding and water jet technology [35, 36] . For our three model C-G/PEI composite posts, the greatest maximum principal stresses were obtained for models A and B along the post near the cervical margin of the tooth (Fig. 2 ).
However, model C showed no significant stress concentration (Fig. 2) . This difference was evidently due to the functionally graded structural design of post C. The possibility of modulating the specific distance of carbon and glass fiber-reinforced plies from the middle plane in the coronal-apical direction, together with the presence of only glass fiber-reinforced plies at the apical end of the post, should help to minimize stress concentrations. Fig. 3 demonstrated a better stress distribution for post C in comparison to Posts A and B. This trend was confirmed in Fig 4. Further analysis, of the maximum principal stress distribution in a cross section at the cervical margin of the tooth along a specific direction (Fig. 5 and Fig. 6 ), also showed higher stress gradients for models A and B compared to C.
Thus, in the restored tooth the C-G/PEI post with a Young's modulus varying in the coronalapical direction affected the maximum principal stress distribution.
Although the present study provided an assessment of conceptual designs of dental posts consisting of polyetherimide (PEI) reinforced with carbon (C) and glass (G) glass fibers in endodontically treated anterior teeth using FE analysis, a computer simulation is always unable to include all of the factors in the oral environment. As an example, saliva, water and blood can contaminate and degrade the post-dentin bonding [30] in clinical conditions. Therefore, clinical studies are needed to verify and supplement the current research.
In addition, some potential limitations of the present research were: (i) the constant value assumed for the Young's modulus of the periodontal ligament, (ii) the linear static analyses performed considering a non-failure condition and (iii) the approach related to the conceptual design of the C-G/PEI posts, which depended upon experimental results obtained previously [35, 36] .
Finally, it is worth remembering that as endodontically treated teeth is one of the most investigated and controversial topics in dentistry, contradictory opinions and questions still remain about materials and devices as well as clinical procedures [45, 47] .
Conclusions
Within the limitations of the present study, the following conclusions were drawn:
1. Conceptual designs of C-G/PEI posts were investigated including one design that optimized the stress distribution in endodontically treated anterior teeth.
2. The C-G/PEI with a modulus varying from 57.7 to 9.0 GPa in the coronal-apical direction provided the most uniform stress distribution with no stress concentration. 
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